Abstract. An analysis of tropospheric column ozone using the NASA Langley TOR data during 1979-2005 has been done to investigate the trend over major Indian cities Delhi, Hyderabad and Bangalore. India was under social democratic-based policies before 1990s. Economic Liberalization began in nineties which lead to a significant growth in industrial, energy and transport sectors in major cities. Our analysis shows that there is a systematic increase in the number of months with higher tropospheric ozone values after 1990. A comparison of TOR climatology before and after 1990 over these cities shows evidence of increase in the tropospheric ozone after 1990. Trend obtained from the model shows significant change during monsoon over Delhi and during pre-monsoon and post-monsoon over Hyderabad and Bangalore. The present analysis using TOR technique demonstrates the TOR potential to detect changes in tropospheric ozone over large cities which are impacted by large anthropogenic pollution.
Introduction
Tropospheric ozone (O 3 ) is one of the most important greenhouse gases (Mickley et al., 2001 ) and contributes to global warming and climate change. Long-term changes in tropospheric ozone show a complex pattern over the globe that, in some cases, are driven by regional influences. High amounts of volatile organic compounds (VOCs) and NO x from industrial and traffic emissions lead to a fairly high concentration of surface ozone over the industrial cities (Sillman et al., 1990) and can accumulate to a hazardous level during
Correspondence to: Pavan S. Kulkarni (pavannpl@yahoo.co.in) favourable meteorological conditions (Jain et al., 2005) . It is now a major environmental concern in many big cities of the world, with current concentrations being high enough to harm human health over wide areas (Klumpp et al., 2006a, b; Beig et al., 2008; Ghude et al., 2009) . Therefore, the temporal and spatial distribution of tropospheric O 3 and the factors controlling its distribution have been a focus of atmospheric chemistry research.
While numerous studies have been conducted in Europe, North America, and Japan (Logan, 1985 (Logan, , 1994 Liu et al., 1987; Oltmans et al., 1998; Monks, 2000; Akimoto et al., 1994; Pochanart et al., 2002) , there is limited knowledge of the temporal and spatial distribution of tropospheric O 3 in India where rapid urbanization and industrial developments have been taken place in the latest decades. Recently available satellite data have shown an increasing column concentration of nitrogen dioxide, a precursor to O 3 , over major industrial zones of India (Ghude et al., , 2009 as well as over rural areas during the onset of rainy season . Available few scattered ground-based measurements within India have shown frequent O 3 pollution during photo-chemically active seasons in urban areas (Naja and Lal, 2002; Jain et al., 2005; Ghude et al., 2006) . However, all these studies seldom describe long term changes in tropospheric ozone, except over cities like Ahamadebad and Delhi (Lal et al., 2002; Ghude et al., 2009 ) where increasing daytime surface ozone has been reported. Hence, more efforts are needed to understand the temporal evaluation of tropospheric ozone over the large cities with respect to the increasing demand of energy consumptions and rapid urbanization. Satellite observations of ozone (total column, stratospheric or tropospheric) offer the possibility to measure the distribution over large areas, and to study the temporal and spatial behaviour (Ahn et al., 2003; Ghude et al., 2009; Kulkarni et al., 2009a, b) . Rapid urbanization and industrialization in India have made Delhi, Hyderabad and Bangalore one of the most polluted cities in this region (Gurjar Pavan S. Kulkarni et al. : TOR trend over three major inland Indian cities   22   465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503 Figure 1 504 Fig. 1 . Map of India with three major inland cities Delhi, Hyderabad and Bangalore with adjacent region used in this study (marked with red colour boxes). The inset shows the annual variation in averaged TOR over the three major inland cities Delhi, Hyderabad and Bangalore of India, for the period 1979-2005. The vertical bars show one sigma standard deviation. et al., 2008) . Considering the potential of large economic development in and around the major cities Delhi, Hyderabad and Bangalore, one can expect enhancement of anthropogenic activities such as increased consumption of fossil fuel and large scale industrialization. This will result in extra burden of pollution in troposphere, which can lead to further increase in ozone concentration over these cities. As a case study, in this work we analyze monthly tropospheric ozone retrieved from Total Ozone Mapping Spectrometer (TOMS) and Solar Backscatter Ultraviolet (SBUV) measurements (TOMS/SBUV) to investigate temporal changes in tropospheric O 3 over Delhi, Hyderabad and Bangalore. We examine the change in the climatology in tropospheric O 3 between 1979-1989 and 1990-2005 and temporal distribution of O 3 and trend during 1979-2005 over these cities. The most favorable situations to observe long term changes in tropospheric ozone are the places where tropospheric ozone is impacted by the local pollution, such as large cities. In this work, using multi-year observations, for the first time we have also demonstrate the TOR potential to detect temporal changes in tropospheric ozone over large cities, which are impacted by large industrial and vehicular growth. (Fishman et al., 2003) .
Where, SBUV Total O 3 is the total O 3 column derived from SBUV measurements, γ and β lies between 0 and 1 and depends on the height of the tropopause, and C*, B* and A* are empirically corrected ozone layers using SBUV profile and Logan (1999) Climatology. Second the TOR is derived using following equation,
More details regarding the data retrieval methods are given in Fishman et al. (2003) . We select three major inland cities Delhi, Hyderabad and Bangalore where emission of ozone precursor's (with rapid urbanization and industrialization) are thought to have increased significantly in and around the city. Figure 1 gives the locations of these cities on a geographical map of India and inset shows tropospheric ozone climatology as a function of months over selected locations. To account for the spatial coverage, these cities have been divided into four bins, each of 1.25 • longitudes by 1.00 • latitude, and labelled D1 to D4, B1 to B4 and H1 to H4 as shown in Fig. 1 . The bins are chosen in such a way that they overlap exactly with the TOR grids. Tropospheric ozone shows strong seasonal cycle over these cities with summer maximum and winter minimum. The summer maximum (May and June) in TOR is attributed to the high solar intensity, long daylight hours, high temperature and dryer synoptic conditions (Jain et al., 2005) along with the availability of large amount of ozone precursors (NO x , CO, VOC's, etc.). This leads to photochemical production of ozone (Sillman et al., 1990) in the planetary boundary layer as well as in the free troposphere. During the winter period even with the availability of ozone precursors the other synoptic conditions are not favorable which results in reduced photochemical production of ozone throughout the troposphere. Therefore, lower amount of TOR is observed in the winter period. Tropospheric ozone is highest in June over Delhi (∼ 53 DU) and in May over Hyderabad (∼ 38 DU) and Bangalore (∼ 34 DU). It shows minimum in December (∼ 31 DU) over Delhi and in February over Hyderabad (∼ 27 DU) and Bangalore (∼ 23 DU). Such a mean tropospheric O 3 distribution is typical for locations in tropics and mid-latitudes (Logan, 1994; Monks, 2000; Cooper et al., 2005; .
Trends in tropospheric O 3
India was under social democratic-based policies from 1947 to 1991. Economic Liberalization began in nineties and (since 1990) India has emerged as one of the fastest-growing economies in the developing world. This lead to a significant growth in industrial, energy, transport, urban population, agriculture and service sectors. Accordingly, we have divided the total monthly TOR observation (from 1979-2005 (267 months)) into two parts; (1) before economic liberalization i.e., 1979-1989 period (132 months) and (2) from economic liberalization i.e., 1990-2005 (135 months). To examine if there was any increase in tropospheric ozone during 1990-2005, we first did frequency distribution analysis by calculating the percent change in the frequency distribution of monthly tropospheric ozone between 1979-1989 and 1990-2005 periods. Further, we compare monthly tropospheric climatology between 1979-1989 and 1990-2005 . Finally, we calculated the trends in tropospheric ozone by considering monthly values from 1979-2005. We used the following algorithm to derive decadal tendency of tropospheric O 3 over the cities considered in this study,
where, f ra (%) is the relative frequency distribution ( To see if there is change in the tropospheric ozone levels during 1990-2005, in Fig. 3 we compare the tropospheric ozone climatology between 1979-1989 and 1990-2005 for all the three cities considered in this study. It shows little evidence of long-term changes in the tropospheric ozone over all the cities. Inspection of Fig. 3 reveals that the increase in tropospheric ozone was not seen for all the seasons over Delhi, Hyderabad and Bangalore. A comparison of tropospheric ozone over Delhi in particular show noticeable increase in ozone amount during monsoon (JJAS), postmonsoon (ON) and winter months (NDJ) in 1990-2005 period. It does not show such an increase in ozone levels during pre-monsoon (MAM) months, rather shows slight decrease. In contrast, tropospheric ozone levels over Hyderabad and Bangalore in 1990-2005 show marked increases during pre-monsoon (MAM) months and do not show such an increase in winter months. Similar to Delhi, it also shows marked increases over Hyderabad and Bangalore during post-monsoon season. During monsoon tropospheric ozone levels over Bangalore do not show evidence of significant change. However, a noticeable decrease in tropospheric ozone levels during monsoon is seen over Hyderabad during 1990 Hyderabad during -2005 . Although Figs. 2 and 3 show little evidence of long term changes, this result suggests that the tropospheric ozone levels over these cities appeared to be influenced by the increased anthropogenic activities in and around the city. Chandra et al. (1999) estimated the changes in tropospheric ozone over 11-year solar cycle (minimum to maximum) using Ottawa monthly-mean F10.7 cm solar flux (standard flux units (2.8 GHz frequency), which is apparently more closely related to solar ultraviolet flux). They found mean annual solar response for tropospheric ozone of about −9 (±3) % (−2.29±1.01 DU) for an increase 100 units of F10.7 cm flux. We observed that the change in F10.7 cm flux before and after 1990 was about 11.04 units at F10.7 cm flux. This change is primarily driven by the division of monthly mean solar cycle time-series before and after 1990 (between the period 1979 and 2005). Therefore, decrease of about ∼ 11 units of F10.7 cm flux after 1990 may increase tropospheric ozone by less than 1%. However, the difference observed in tropospheric ozone before and after 1990 is more that 3% (Fig. 3) over the cities considered in our study. Therefore, we feel that the effect of changes in short wave radiation before after 1990 on TOR changes would be small.
To examine if there was any long-term trends in tropospheric ozone over these cities we did regression analysis of tropospheric ozone using trend model, details of which are given elsewhere (Ziemke et al., 1997) and hence described here briefly. Error estimates are according to Neter et al. (1985) . In order to remove the effects of natural sources of ozone variability such as 11-year solar cycle as well as the linear trend in solar irradiance we use a regression model. It consists of seasonal cycle, linear trend and solar cycle. The general expression for the regression model equation can be written as follows:
t).Trend (t) + δ(t).Solar (t) + resid (t) (4)
Where α(t) and β(t) are the time-dependent 12-month seasonal and trend coefficients, respectively and δ(t) is 12-month coefficients corresponding to the ozone driving quantities such as solar flux. Solar (t) is solar time series proxy which is used in an effort to reduce errors in local ozone trends. Solar proxies have been used for Ottawa monthlymean F10.7 cm solar flux (standard flux units (2.8 GHz frequency)) from January 1979 to December 2005 (ftp://ftp. ngdc.noaa.gov/), which is apparently more closely related to solar ultraviolet flux used in the model as solar proxy indices. resid (t) represents the residues, or noise. Monthly mean tropospheric ozone over the cities (for each bean) from 1979-2005 are used to obtained the time series. These time series are then subjected to the multifunctional regression model. Monthly trend coefficients obtained from the model (for a bin) are then averaged to get a seasonal trend coefficient. Similarly, corresponding monthly two-sigma error values are averaged to get a seasonal two-sigma error estimate. Seasonal trend coefficients are obtained separately for each bin shown in Fig. 1 . Table 2 shows trends for Delhi (B3), Hyderabad (H2) and Bangalore (B2) for four seasons. The four seasons considered are as per the India Meteorological Department (IMD) (MOEF, 2004) : winter from December-January-February; pre-monsoon or summer from March-April-May; monsoon from June-July-AugustSeptember and post-monsoon from October-November. Annually, positive but insignificant trends of about 3.1±3.2(2σ ) % and 2 ± 2(2σ ) % per decade are found over Delhi and Hyderabad, respectively. A tropospheric ozone level over Bangalore, however, shows a trend close to significance (4 ± 2.8(2σ ) % per decade) during 1979-2005. Trend obtained from the model shows significant change during monsoon over Delhi (+3.4 ± 2(2σ ) % per decade), during premonsoon over Hyderabad (+4.7 ± 2.5(2σ ) % per decade) and Bangalore (+5 ± 2.7(2σ ) % per decade). It also shows significant change over Hyderabad (+3.4 ± 2(2σ ) % per decade) and Bangalore (+7.8 ± 2(3σ ) % per decade), and positive but insignificant trend of about 3.2±3(2σ ) % during post-monsoon season. The highest trend is seen over Bangalore despite the fact that growth in urban and vehicular population is less compared to Delhi (Table 3) . This increase in trend is believed to be a result of increased anthropogenic emission in and around Delhi, Hyderabad and Bangalore. Beig and Brasseure (2006) Power stations, road transport, industries, use of coal for domestic purposes and burning of fossil fuels are the major sources of air pollution in these cities (Gurjar et al., 2004) . The rapid growth of economical activities in Delhi, Hyderabad Sabapathy (2008) and Bangalore in recent times has resulted in significant increase in industrial and vehicular activities in and around these cities. Table 3 gives overview of urban and vehicular population during 1981-2001 periods. It can be seen that rapid increase in urban population a number of vehicles occurred during 1981-2001. This resulted in significant changes in anthropogenic emission during the study period (Garg et al., 2001 ).
Conclusion
In this work we analyze troposphere ozone residual data from 1979-2005 to examine the change in tropospheric ozone before and after 1990 over inland cities Delhi, Hyderabad and Bangalore. A frequency distribution of data before and after 1990 shows that there is noticeable tendency of increase in the higher tropospheric values after 1990. Further, a comparison of tropospheric ozone climatology before and after 1990 over these cities shows evidence of increase in the tropospheric ozone after 1990. Finally, to examine if there were any long-term trends in tropospheric ozone over these cities we did regression analysis of tropospheric ozone.
Trend obtained from the model shows significant change during monsoon over Delhi, during pre-monsoon and post-monsoon over Hyderabad and Bangalore. These results suggest that tropospheric ozone levels over industrial cities Delhi, Hyderabad and Bangalore appeared to be influenced by the increased anthropogenic activities in and around the city. The source of uncertainty in the long-term records of tropospheric ozone residue could be because of (a) the inconsistency between instruments (TOMS and SBUV) or tropopause height information, which is derived from a reanalysis of the meteorological data from NCEP and (b) degradation of the scanning mirror on the EP-TOMS instrument occurring from the year 2000 onwards. More importantly, the shapes to the ozone profiles derived from the SBUV must be examined in the vicinity of the tropopause over this entire period to ensure that no secular changes evolve during this time (Fishman et al., 2003) . Much work has gone into making sure the TOMS total ozone data are consistent between instruments. The SBUV is taken from at least four different instruments on different satellites. Although care is taken to provide a consistent data set between the four instruments, which is done for the total ozone columns. Careful analysis of the ozone amounts in the lower stratosphere is done for making sure they were as good as possible, because errors in this region of the atmosphere would greatly discredit any conclusions about the TOR (Fishman et al., 2003) . Wozniak et al. (2005) conducted a thorough study of the stratospheric column ozone (SCO) amounts that are generated by the residual technique and used SAGE profiles to assure that use of SBUV for deriving TOR was justifiable. However, it is important to look into detail as to weather or not there are differences in the way these tropopause height analyses were made over the 30-year period and trend analysis of the calculated SCO to reduce the uncertainty in the long-term TOR data. Detailed analysis by Anton et al. (2010) shows that the degradation of the scanning mirror on the EP-TOMS instrument underestimates total column ozone measured by ground based Brewer and Dobson spectrophotometers by ∼ 1 to 3%. This negative bias implies that the TOR values are underestimated and adds to uncertainties in the trend information. This information will reduce the uncertainties in the trend information in the TOR data and needs to explore further. In conclusion it can be stated that the results obtained in this paper provide first hand information on tropospheric trends over the big tropical Indian cities, which has seen large industrial and vehicular growth after 1990s. It should be emphasized that although the present analysis using tropospheric ozone residual technique might influence the magnitude of the trend coefficients, we believe that it would not affect the general qualitative nature of the trend results.
